■ INTRODUCTION
Lanthanide containing nanoparticles (Ln NPs), e.g., Ln 2 O 3 , LnF 3 , NaLnF 4 , are employed as imaging agents in biological systems due to their unique luminescent and magnetic properties as well as their low cytotoxicities. 1−3 The highestquality Ln NPs are synthesized at high temperature (between 250 and 330°C) in high-boiling-point nonpolar solvents such as oleic acid (OA), oleylamine (OM), and 1-octadecene (ODE). 4−8 In this way, NPs of small sizes, narrow size distributions and high crystallinities can be prepared. These NPs are coated with hydrophobic ligands OA or OM. For biolabeling applications, the surfaces of these Ln NPs must be modified to render the NPs hydrophilic while maintaining the colloidal stability and physiochemical properties of the NPs.
Various strategies are available to make Ln NPs compatible with (i.e., colloidally stable in) an aqueous environment. 9 In ligand substitution approaches, the OA or OM ligands on the as-synthesized NP surface are replaced by more hydrophilic ligands such as citrate, ethylenediamine tetra(methylene phosphonic acid) (EDTMP), poly(acrylic acid) (PAA), poly-(N-vinylpyrrolidone) (PVP) and methoxy-poly(ethylene glycol)-phosphoric acid (mPEG-OPO 3 H 2 ). 10−14 The driving force for ligand replacement can be mass action, tighter binding to the surface by the functional group(s) on the new ligand, or cooperative interactions for multidentate ligands. Other strategies include rendering the NP hydrophilic by encapsulation of the original ligands on the NP surface with amphiphilic molecules or polymers such as PEG-phospholipids, poly(maleic anydride-alt-1-octadecene)-co-PEG (PMAO−PEG) and octylamine-grafted PAA. 15−17 Alternatively, one can use an inverse microemulsion method to coat the Ln NPs with a thin silica shell. 18 For labeling experiments that target specific biomarkers, the NP surface requires additional functional groups for the attachment of bioaffinity agents. This chemistry is well developed for gold NPs and quantum dots, but less developed for Ln NPs. There are examples in which surface functional groups such as amines and maleimides have been incorporated into the surface of Ln NPs and used for biological applications. 19, 20 Examples include particles used for bioimaging studies in vitro 21 or in vivo, 22 for targeted theranostics, 23 and for multiplexed bioassays. 24 While these studies often demonstrate that their particles can be dispersed in water, the particles were employed for in vitro or in vivo imaging studies without explicitly testing (or reporting) the colloidal stability in buffer-containing media. 22, 25, 26 As we will show later in this contribution, this issue is very important. Most biologically relevant buffers contain phosphate, and phosphate is a strongly competitive ion for the surface of Ln NPs.
For other types of NPs, it is known that particle aggregation can dramatically affect their biological activities. For example, Au NPs capped by zwitterionic ligands can to some extent maintain their colloidal stability in aqueous buffered media but undergo aggregation in a physiological environment with relatively high salt and protein concentrations; this aggregation leads to a drastic increase in their tumor uptake. 27 In contrast transferrin-stabilized Au NP aggregates had significantly lowered uptake in HeLa and A549 cells. 28 Moreover, recent studies based on Au, Ag, or SiO 2 NPs revealed that the density of capping ligands and the position of functional groups on the NP surface also greatly influence their cytotoxicities, in vivo circulation time and targeting ability. 29, 30 We are unaware of any analogous in-depth studies of Ln NPs.
To improve the performance and reproducibility of Ln NPs as biolabeling agents better surface coating strategies are needed. The goal is to develop surface modification methodologies for Ln NPs that provide functional groups not only for bioaffinity reagent conjugation, but also for robust colloidal stability in a wide range of aqueous buffer media, while also minimizing nonspecific binding of NPs. To reach this goal, one needs more quantitative characterization of the surface coating and more detailed information about the colloidal stability of the coated particles in the presence of competitive buffers and high salt concentrations.
We are interested in Ln NPs as metal-containing reagents for mass cytometry, 31 where these issues are particularly important. In this technique, monoclonal antibodies (mAbs) or other bioaffinity agents are labeled with metal isotopes and used for biomarker detection on cells. Signal detection is by inductively coupled plasma mass spectrometry, and sensitivity increases linearly with the number of metal atoms per mAb. In current technology, mAbs are labeled with metal-chelating polymers so that each mAb carries between 100 and 250 metal atoms. 32, 33 A NaLnF 4 NP with a diameter of 10 nm can carry ∼8000 metal atoms, which can in principle increase the sensitivity of the technique by 2 orders of magnitude. Ln NP reagents for mass cytometry not only must show good colloidal stability in physiological buffers, they also must have low nonspecific adsorption to avoid background signal. Up to now, achieving these properties has not been possible.
We recently reported the synthesis, based upon a lysine framework, of an mPEG-diphosphonate bidentate ligand and an mPEG-tetraphosphonate tetradentate ligand, both bearing M PEG = 2000 (PEG2000). These species were used to replace oleate groups on the surface of four different types of NaLnF 4 NPs with diameters ranging from 9 to 16 nm. 34 The ability of the surface ligands to provide colloidal stability in aqueous media was compared to mPEG2000-phosphate, a monodentate ligand. While mPEG2000-phosphate-stabilized NPs were colloidally stable in water, they rapidly aggregated and precipitated in phosphate-buffered saline (PBS). By eye, the mPEG2000-diphosphonate-coated NPs showed greater colloidal stability in PBS buffer, but aggregation was detected by dynamic light scattering (DLS). Only the mPEG2000-tetraphosphonate-coated NPs showed long-term colloidal stability in PBS buffer, demonstrating the advantage of multidentate ligands.
One of the problems with these ligands is that the synthesis was tedious, and modifying the ligand required restarting the synthesis at an early stage. Here we report a new synthesis of a tetraphosphonate ligand, based on a polyamidoamine (PAMAM) dendrimer. Starting with an amine-protected generation-0.5 PAMAM dendrimer, we introduced four phosphonate groups. Then a two-stage exchange protocol was developed to replace oleates on the surface of the assynthesized NPs to transfer them into water. The NPs had primary amine groups on the surface available for further modification improving the versatility of the synthesis by allowing PEGs of different lengths to be attached to the NPs via the surface -NH 2 groups. As we will see below, the footprint of the tetraphosphonate ligands on the MP surface may also be different, due to greater spacing between the phosphonates on the dendrimer. These differences, as well as the difference in the ligand exchange protocol necessary to introduce the tetraphosphonate ligand means that one has to examine carefully the behavior of the PEG-coated NaLnF 4 NPs, comparing the behavior of the two different types of surface coatings.
■ EXPERIMENTAL SECTION
Instrumentation. Transmission electron microscope (TEM) images were obtained with a Hitachi H-7000 TEM at an accelerating voltage of 100 kV. OA capped NPs dispersed in cyclohexane were directly drop-cast onto hydrophobic Formvar-carbon-coated copper TEM grids. Hydrophilic NPs dispersed in DI-water were drop-cast onto hydrophilic TEM grids pretreated with Triton X-305.
1 H-, 13 C-, and 31 P NMR spectra were recorded on a Bruker Avance III 400 MHz NMR spectrometer at T = 297 K. The accurate masses of all organic compounds were measured on an Agilent 6538 Q-TOF system. DLS measurements were performed on a Malvern Zetasizer Nano ZS instrument at a backscattering angle of 173°. All the NP solutions were passed through a 0.2 μm cellulose syringe filter before DLS measurements. For FT-IR and TGA measurements, the NPs were dried from solution and lyophilized for at least 24 h. FT-IR spectra were recorded on a PerkinElmer Spectrum 1000 infrared spectrometer using the KBr pellet method. TGA measurements were performed on a TA SDT Q600 thermogravimetric analyzer. All of the TGA measurements on NPs were performed in an air atmosphere. The NP samples were heated from room temperature to 100°C at a ramping rate of 10°C/min, equilibrated at 100°C for 30 min to remove any absorbed water, then heated to 800°C at the same rate of 10°C/min. UV/vis absorption measurements for the HABA assay employed a PerkinElmer Lambda 35 UV/vis spectrometer. Inductively coupled plasma mass spectrometry (ICP-MS) measurements were performed on a PerkinElmer ELAN 9000 ICP-MS spectrometer. NaLnF 4 NPs for ICP-MS measurements were digested in concentrated HNO 3 (ICP grade, Seastar Chemical Inc.) by treating an aliquot (0.5 mL) of NP dispersion in water with concentrated HNO 3 (4.5 mL) in a capped glass vial and stirring at room temperature overnight.
Materials. PEG derivatives were purchased from JenKem Technology. The Pierce Biotin Quantitation Kit and Slide-A-Lyzer G2 Dialysis Cassettes were purchased from Thermo Scientific. All dialyses employed (10k MWCO, 3 mL capacity) cassettes The mPEGmonophosphates mPEG750-OPO 3 H 2 and mPEG2000-OPO 3 H 2 were synthesized according to a literature procedure.
14 All the other chemicals were purchased from Sigma-Aldrich and used without further purification. NaGdF 4 and NaTbF 4 NPs were synthesized following the method of Li et al. 35 with details provided in Supporting Information (SI). The synthesis of the PAMAM dendrimer with an NBoc-ethylenediamine core (2 in Scheme 1), followed the strategy described by Cao et al. with details provided in SI. 36 Synthesis of Amino-PAMAM-Tetraphosphonate, Sodium Salt (PAMAM-4P) (4 (10 mL). The solution was sealed and stirred at room temperature for 24 h, and then CH 2 Cl 2 and excess TMSBr were removed on a rotary evaporator. The residue was then dissolved in water (5 mL) and stirred for 10 min to dialyze the TMS esters. To the resulting turbid solution, was added 1 M NaOH aq solution dropwise until pH ≈ 10, during which the solution turned clear. Water was removed by vacuum evaporation, and the residue was dissolved in CH 3 OH (5 mL). The CH 3 OH solution was filtered to remove any insoluble inorganic salt; then the filtrate was dried again, and the residue was lyophilized overnight to remove any water residue and generate the product 4 as a light-yellow powder. Yield: 0.52 g (79%). 1 4 NPs (see SI for details) were precipitated with ethanol. The ethanol was decanted to obtain a moist precipitate. A still-moist sample of NaLnF 4 NPs (∼30 mg) was redispersed in THF (3 mL) with sonication. A THF solution (1.5 mL) of mPEG750-OPO 3 H 2 (75 mg) was added. The solution was stirred at room temperature for 24 h, then the solution was mixed with 3 mL of DI water. The mixed solution was extracted with hexanes (1 mL) to remove displaced OA, and the aqueous phase was gently warmed on a water bath in vacuo to evaporate THF. The resulting aqueous solution was dialyzed against 3 L of DI-water for 24 h to remove the excess mPEG750-OPO 3 H 2 .
To the dialyzed aqueous solution containing mPEG750-OPO 3 -capped NaLnF 4 NPs, an aqueous solution (1 mL) of PAMAM-4P (25 mg) was added. The solution was stirred at room temperature for 24 h, then dialyzed against 3 L of DI-water for 24 h to obtain PAMAM-4P-capped NaLnF 4 NPs without excess free ligands. The mPEG2000-OPO 3 -capped NaGdF 4 NPs were prepared in the same way using mPEG2000-OPO 3 H 2 in the ligand exchange reaction.
PEGylation of PAMAM-4P-Capped NaLnF 4 NPs. To an aqueous solution (3 mL) containing PAMAM-4P-capped NaLnF 4 NPs (∼15 mg) was added 1 mL of 0.5 M NaHCO 3 buffer (pH 8.5), followed by addition of an aqueous solution (1 mL) of mPEG2000-NHS (20 mg). The solution was stirred at room temperature for 4 h and then dialyzed against 3 L of DI-water for 48 h to obtain mPEG2000-PAMAM-4P-capped NaLnF 4 NPs. To prepare functional biotin−PEG2000−PAMAM-4P capped NaLnF 4 NPs, a mixture of mPEG2000-NHS (18 mg) and biotin−PEG2000-NHS (2 mg) was used instead of pure mPEG2000-NHS. The biotin content of these NPs was determined by a HABA colorimetric assay using a Pierce Biotin Quantitation Kit as described in SI.
Comparing Colloidal Stability of NaTbF 4 NPs Capped with Two Different mPEG2000-Tetraphosphonate Ligands. Solutions of mPEG2000−PAMAM-4P-capped-and mPEG2000-lysine-4P-capped NaTbF 4 NPs were prepared in water, and the particle concentrations were determined by ICP-MS. These samples were transferred to various aqueous media, at a particle concentration of 1.0 mg NaTbF 4 NPs/mL. The aqueous media included water, 10 mM sodium phosphate buffer (PB), and 1× phosphate buffered saline (PBS containing 10 mM Na 2 HPO 4 , 2.0 mM KH 2 PO 4 , 137 mM NaCl, 2.0 mM KCl), and 150 mM PB. All the buffer solutions were adjusted to pH 7.4.
■ RESULTS AND DISCUSSION
NaGdF 4 and NaTbF 4 NPs were synthesized at 300°C using the protocol developed by Zhang and co-workers. 35, 37 The asprepared NPs could be stored in their original reaction media of OA and ODE for more than a year while maintaining their initial size and morphology. For surface modification experiments, the NPs were first purified to remove excess free OA by precipitation with ethanol, three cycles of washing with a 1:5 THF-EtOH mixture, and redispersion in cyclohexane. Details are presented in SI. The freshly purified NPs were readily dispersible in various organic solvents including cyclohexane, toluene, THF and chloroform to form clear colloidal solutions. TEM images of these NPs are shown in Figure S1 in SI. Both NPs are nearly spherical in shape. Statistical analysis of the TEM images gave average diameters of 11.3 ± 0.6 nm for NaGdF 4 and 11.1 ± 0.6 nm for NaTbF 4 NPs. DLS CONTIN plots of the NaLnF 4 NP dispersed in cyclohexane are presented in Figure S2 in SI. The distributions are symmetric and narrow. By DLS, we obtained mean hydrodynamic radii of 7.4 nm (PDI = 0.03) for NaGdF 4 and 7.3 nm (PDI = 0.02) for NaTbF 4 NPs in cyclohexane.
Synthesis and Characterization of the PAMAM-4P Surface Ligand. The dendritic ligand PAMAM-4P (4) was synthesized via a four-step strategy in which all the reactions were performed at room temperature (Scheme 1). The first two steps followed the general synthetic method for PAMAM dendrimers. 36 The dendrimer 2 obtained in this way was reacted with four equiv of diethyl vinylphosphonate to give the phosphonate-ethyl-ester terminated PAMAM dendrimer 3, whose 1 H, 13 C, and 31 P NMR spectra are presented in Figures  S3 and S4 in SI. In the last step of the synthesis, both the Boc group and the eight ethyl groups were cleaved by treatment with TMSBr. Then the residue was hydrolyzed with water to yield free phosphonic acid and amine groups. A stoichiometric amount of NaOH was added to convert the PAMAM-4P to its octasodium salt. After removal of water and lyophilization, the PAMAM-4P-Na 8 salt was obtained as a pale-yellow solid. The 1D and 2D NMR spectra of the PAMAM-4P-Na 8 salt 4 are shown in Figure S5 and S6 in SI.
Two-Step Ligand Exchange and PEGylation. We prepared PEG-PAMAM-4P-capped NaLnF 4 NPs using a twostep ligand exchange and PEGylation strategy, which is described in Scheme 2. The as-prepared NaLnF 4 NPs capped with OA were dispersible only in nonpolar organic solvents and semipolar solvents like tetrahydrofuran (THF). In contrast, the PAMAM-4P ligand was soluble only in water, methanol and ethanol. We were unable to find a solvent that is able to disperse the NPs and also dissolve the PAMAM-4P ligand. All attempts to perform ligand exchange experiments in mixed solvents such as THF−CH 3 OH or CHCl 3 −CH 3 OH gave aggregated particles that would not disperse in water. To overcome this problem, we developed a two-step ligand exchange strategy to prepare PAMAM-4P-capped NaLnF 4 NPs. In the first step, we treated a dispersion of the NaLnF 4 NPs in THF with a solution in THF of mPEG-monophosphoric acid (mPEG750-OPO 3 H 2 , M PEG = 750 Da). After stirring at room temperature overnight, the THF solution was diluted with water to give a 1:1 THF−H 2 O mixture. The solution remained transparent, suggesting that the NaLnF 4 NPs were colloidally stable in this solvent mixture. The free OA molecules were removed by a single extraction with hexane. The bottom aqueous phase was separated and warmed gently on a rotary evaporator to evaporate the THF. Then the remaining transparent aqueous solution was dialyzed against DI water to remove excess free mPEG750-OPO 3 H 2 . In this way, the OA groups at the NP surface were replaced by mPEG750 chains.
The second step involved ligand exchange of mPEG750-OPO 3 -capped NaLnF 4 NPs with PAMAM-4P. Our experimental design relied on the assumption that that the tetradentate PAMAM-4P should bind more tightly to the NP surface than the monodentate mPEG-OPO 3 . This step was carried out in water at room temperature in the presence of excess PAMAM-4P sodium salt. After 20 h, we assumed that the ligand exchange reaction was complete. The displaced mPEG750-OPO 3 ligands and free PAMAM-4P as well as excess sodium ions were removed by dialysis. Taking NaGdF 4 NPs as an example, TEM images of both mPEG750-OPO 3 -and PAMAM-4P-capped NPs ( Figure 1A and B) show that the NPs maintained their initial size and morphology, and remained well separated, after each step of the two-step ligand exchange experiment.
The product after each ligand exchange reaction was examined by FT-IR spectroscopy (Figure 2 ). For both mPEG750-OPO 3 -and PAMAM-4P-capped NaLnF 4 NPs, powder samples were prepared by lyophilizing solutions purified by dialysis. In the IR spectra of OA-capped NaGdF 4 NPs, the absorption bands at 2920 and 2850 cm −1 (attributed to the stretching vibration of CC−H bonds) as well as 1560 and 1460 cm −1 (attributed to the stretching vibration of carboxylate CO bonds) indicated the presence of OA on the . NPs are commonly PEGylated to introduce protein repellency for biological applications. 30 Here, we attach PEG molecules onto the NP surface by reacting the −NH 2 group of the PAMAM-4P dendrimer ligand with methoxy-poly(ethylene glycol) succinimidyl carboxymethyl ester (mPEG2000-NHS). This step was performed in a pH 8.5 sodium bicarbonate buffer solution, an optimal pH for reactions between amines and NHS esters. 38 After the reaction, we removed unreacted free PEG molecules and all excess salts by dialysis against water for 48 h in a 10k MWCO cassette. When the PAMAM-4P-capped NaGdF 4 NPs were conjugated with mPEG2000-NHS, the PEG backbone vibrational bands at 2880 and 1110 cm −1 appeared again in the IR spectra of the product, mPEG2000−PAMAM-4P-capped NaGdF 4 NPs (Figure 2, trace d) .
Complications in Ligand Exchange: Competitive Surface Etching. While the ligand exchange process described above seems simple and straightforward, there are many subtle features of the exchange process that we do not understand. Our first indication of complications in the exchange process was the observation that prolonged exposure of the NPs in water to excess ligand led to particle etching. Figure 1D above shows a TEM image of a sample of NaGdF 4 NPs freshly exchanged with excess mPEG2000-OPO 3 H 2 . These NPs are characterized by a diameter of 11.1 ± 0.7 nm. After 24 h dialysis against DI water ( Figure 1E ), the particle size seen by TEM was unchanged (11.3 ± 0.5 nm). After 24 h of dialysis against excess mPEG2000-OPO 3 H 2 ligand (2.5 mM, Figure 1F ), the particle size was smaller and more polydisperse (d = 10.1 ± 1.4 nm). Many of the NPs in Figure 1F appear to be more angular and less spherical compared to the NPs in Figure 1D and E. This kind of morphological change suggests that the NaGdF 4 NPs underwent surface etching in the presence of excess mPEG2000-OPO 3 H 2 ligand.
In order to examine this etching process more carefully, we carried out additional dialysis experiments against excess ligand, in which we monitored the solution outside the dialysis cartridge using the Arsenazo dye assay 39 to quantify the concentration of Gd 3+ released into the solution. For details, see SI. Since the dialysis membrane prevents passage of the NPs into the external solution, only free Gd 3+ or Gd 3+ ions complexed to excess ligand can pass through the membrane and be detected.
In Figure 3A we examine NaGdF 4 NPs that were ligand exchanged in THF with mPEG2000-OPO 3 H 2 and then subjected to dialysis. As shown in the lower-most trace, no detectable Gd 3+ was found outside the dialysis bag. When these NPs were dialyzed against excess ligand (mPEG2000-OPO 3 H 2 ), increasing amounts of Gd 3+ were detected over a period of 150+ hours, and the rate of metal ion loss from the particles increased with increasing PEG-phosphate in the solution. After 1 week (∼170 h), the concentration of Gd 3+ appeared to be leveling off at ∼40 μM in the presence of 1.0 Figure 3B , we show a corresponding set of experiments for NaGdF 4 NPs that were ligand exchanged in THF with mPEG750-OPO 3 H 2 and then subjected to dialysis. Again there was no detectable loss of metal ions in the presence of DI water, and growing loss of metal ions in the presence of excess mPEG750-OPO 3 H 2 . Surprising to us was the finding that the amount of Gd 3+ ions lost to the aqueous medium over 1 week in the presence of excess PEG-phosphate was less for mPEG750-OPO 3 -capped NPs exposed to mPEG750-OPO 3 H 2 , than for mPEG2000-OPO 3 -capped NPs exposed to mPEG2000-OPO 3 H 2 .
These experiments are important from several points of view. First, they establish that the NPs are stable to metal leaching over a period of days if stored in DI water, but subject to etching if stored in the presence of excess buffer. In separate experiments monitored by TEM, we found that NaGdF 4 NPs and NaTbF 4 NPs, capped with either mPEG2000-OPO 3 H 2 or mPEG750-OPO 3 H 2 , were stable over a period of weeks when stored in DI water. It is known that NaLnF 4 NPs capped with PEG-phosphate are colloidally unstable in the presence of phosphate buffer, but it has been reported colloidal stability can be preserved in the presence of excess ligand.
14 Our experiments suggest that particle etching can occur under these conditions. Beyond that, the differences seen in the susceptibility to etching in the presence of the two PEGphosphates that differ only in the length of the PEG chains indicate that there are other factors involved in the ligand exchange process that remain poorly understood.
Characterization of Surface Ligand Density by TGA. Now that we have established conditions for ligand exchange where we are confident that no particle etching has taken place, we turn our attention to characterizing the ligand corona on the NPs. We begin with thermogravimetric analysis (TGA) to characterize the density of organic ligands on the surface of the NPs. Analysis of the data from these measurements presumes that centrifugation followed by redispersion removes excess ligand not chemically bound to the particle surface, that the NaLnF 4 NPs maintain their chemical stability as the samples are heated in air, and that mass loss can be attributed to the oxidative degradation of the organic ligands. Under these conditions, the surface ligand density (in molecules/nm 2 ) can be calculated from the mass loss using equation S1 given in the SI. The TGA trace for OA-NaGdF 4 NPs ( Figure S8 , trace A in SI) showed a mass loss of 15.0%. Assuming spherical NPs (r = 5.6 nm) and bulk density (ρ = 5.647 g/cm 3 ) for the inorganic core, the ligand density was calculated to be 4.4 molecules/nm 2 . This value corresponds to 0.23 nm 2 /OA, consistent with a literature value for OA-NaYF 4 :Yb,Er NPs, which is on the order of 0.25 nm 2 /OA. 40 For mPEG750-OPO 3 -capped NaGdF 4 NPs, the mass loss (39.0%, Figure S8 , trace B in SI) corresponds to 5.5 molecules/ nm 2 (i.e., an average area of 0.18 nm 2 per molecule). The mass loss for mPEG2000-OPO 3 -capped NaGdF 4 NPs (66.7%, Figure  S8 , trace C in SI) implied an even higher ligand density (6.4 molecules/nm 2 ), corresponding to 0.16 nm 2 per PEGphosphate ligand. When the capping ligand was mPEG2000− PAMAM-4P, the mass loss was 42.5% ( Figure S8 , trace D in SI). Since the molar mass of PAMAM-4P (excluding the sodium ions) is 712.46, we used a molecular weight 2710 for mPEG2000−PAMAM-4P to convert the mass loss into surface density. In this way, we obtained a value of 1.7 molecules/nm 2 . If we assume that the four phosphonates of the mPEG2000− PAMAM-4P ligand all bind to the NP surface, the average area occupied by each phosphonate group would be 0.15 nm 2 . These average parking area values for the phosphate and phosphonate anchoring groups determined for different PEGbased ligands are similar to one another. This result implies that the average area occupied by the ligand on the NaLnF 4 NP surface is determined primarily by the interaction of phosphate and phosphonate groups with Ln ions in the particle surface, rather than by the dimensions of the PEG chains.
For mPEG2000−PAMAM-4P, the value of 1.7 molecules/ nm 2 corresponds to an average PEG-to-PEG distance d of 0.8 nm. The Flory radius R F of a PEG2000 random coil in a good solvent is estimated to be about 3.4 nm. 41, 42 Thus, for mPEG2000−PAMAM-4P capped NaGdF 4 NPs, the distance between anchoring points of the PEG chains on the particle surface is significantly smaller than 2R F . Under these conditions, the PEG chains on the NP surface become extended and are in the so-called "brush" regime. 43 For the PEG monophosphates, the mean distance between PEG chains is even smaller, and the brush should be more extended. Previous studies on PEGylated Au NPs indicate that this high PEG surface density is effective at resisting protein absorption. 44 The above results are summarized in Table 1 . Biotin Functionalization and Quantification. Biological assays with NP reagents require surface functionality on the NP surface to attach bioaffinity agents. To introduce surface functionality we used a mixture of mPEG2000-NHS and biotin−PEG2000-NHS with a molar ratio of 9:1 to PEGylate the surface of PAMAM-4P-capped NaTbF 4 NPs (Bi-PEG- NPs). We employed a commercial HABA/Avidin colorimetric assay to quantify the average number of biotin groups in the PEG corona, of biotins per NP. As a control we also carried out the HABA/Avidin assay on a sample of mPEG2000−PAMAM-4P-capped NaTbF 4 NPs (mPEG-NP) with no biotin functionality. Details are provided in SI, and the results are summarized in Tables S2 and S3 . For the Bi-PEG-NP sample, we determined a biotin concentration corresponding to 72 ± 4 biotins/NP. The mPEG-NP control sample gave a signal corresponding to 4 biotins/NP. We take the difference, 68 ± 4, as the mean number of biotins per nanoparticle. For spherical NaTbF 4 NPs with d = 11.1 nm, this number corresponds (see SI) to 1.8 ligand/nm 2 . Since Gd and Tb are adjacent elements in the periodic table, we can assume similar chemistries and compare the ligand density determined by the HABA assay (1.8 ligand/nm 2 ) with that for mPEG2000−PAMAM-4P-capped NaGdF 4 NPs determined by TGA (1.7 ligand/nm 2 ). These values are in excellent agreement.
Colloidal Size and Stability of NaGdF 4 NPs. PEG and PAMAM-4P Surface Ligands. Solutions of NaGdF 4 NPs were examined by DLS to measure their hydrodynamic radii and to assess their colloidal stability. The original OA-capped NaGdF 4 NPs in cyclohexane showed a z-average hydrodynamic radius (R z ) of 7.4 nm ( Figure S1 ). After the first ligand exchange with mPEG750-OPO 3 H 2 , the NPs can be dispersed in water as a clear colloidal solution. The CONTIN plot for this sample in water showed a monomodal size distribution without any sign of aggregation ( Figure 4A ). The magnitude of R z of this sample in water increased to 12 nm. When transferred to 10 mM pH 7.4 sodium phosphate buffer (PB), the sample aggregated almost immediately ( Figure 4A) as noted by the shift in the still-monomodal CONTIN plot to a R z of 54 nm. Within 30 min, the NPs precipitated.
After the surface ligands of the mPEG750-OPO 3 -capped NaGdF 4 NPs were exchanged to PAMAM-4P, the solution in water remained clear, and the particles remained colloidally stable. The DLS CONTIN plot was bimodal, with a main peak at 16 nm, accompanied by a weaker peak at 90 nm ( Figure 4B ). In the presence of PB buffer, the aggregate peak increased in intensity in the CONTIN plot, with a shift in magnitude to lower hydrodynamic radius (∼60 nm). After storage in 10 mM PB for about 1 week, the PAMAM-4P-capped NaGdF 4 NPs precipitated.
Corresponding CONTIN plots for mPEG2000−PAMAM-4P capped NaGdF 4 NPs are presented in Figure 4C . Their hydrodynamic size distribution in water was monomodal. When these NPs were dispersed in either 10 mM PB or PBS at pH 7.4, they retained their monomodal size distribution. The peak values shifted to larger size, accompanied by a small increase in polydispersity. The R z values increased from 12.0 nm (in water) to 20.6 nm (in 10 mM PB) and to 21.2 nm (in PBS). These results demonstrate that the PAMAM-4P ligand, whether PEGylated or not, can provide colloidal stability to NaGdF 4 NPs in phosphate buffer under conditions where the PEG-monophosphate-capped NPs precipitate. In a more strongly competitive buffer, 150 mM PB, mPEG2000− PAMAM-4P was no longer able to stabilize the NPs, and the DLS CONTIN plot showed severe particle aggregation ( Figure  4C ).
For studies of particle aggregation, the most meaningful data to examine are intensity distributions. We remind the reader that these data require an ill-posed inverse Laplace transform of the autocorrelation function, and the long-time tail in the autocorrelation decay can appear as a peak at large R h in the CONTIN plot. It is sometimes tempting to transform such data into volume or number distributions. The technical notes from Malvern 45 and other user guides to DLS measurements 46 point out that these conversions of DLS data invoke Mie theory and involve some serious assumptions, namely that all particles are spherical, that all particles are homogeneous, that the optical properties of the particles are known (i.e., the real and imaginary components of the refractive index), and that there is no error in the intensity distributions. For aggregate formation, these assumptions are unlikely to be satisfied. In Figure S10 we compare the intensity distribution plot of the mPEG2000-PAMAM-4P capped NaGdF 4 NP sample dispersed in 150 mM PB as shown in Figure 4C with the calculated number distribution plot from the same set of DLS data. In the number distribution, the peak of the aggregates disappeared.
Comparing mPEG-lysine-4P and mPEG−PAMAM-4P Surface Ligands. In the Introduction section of this paper, we pointed out that in the mPEG-lysine-tetraphosphonate ligand 34 (PEG-lysine-4P) the pairs of phosphonate groups are spaced differently (1 methylene) from the mPEG−PAMAM-4P ligand (2 methylenes). The chemical structures of these two tetraphosphonate ligands are presented in Figure 5A . It is important to test whether the differences in structure affect the ability of the ligands to promote and maintain colloidal stability in phosphate-buffered media. To address this issue, we carried out parallel kinetic studies by DLS on a sample of NaTbF 4 NPs capped with each ligand.
One set of experiments was carried out in 10 mM phosphate buffer, pH 7.4 ( Figure 5B ). In the initial solution (t = 0) both samples showed monomodal CONTIN plots with R z = 19.3 nm for the mPEG2000-lysine-4P-capped NPs and 18.6 nm for the mPEG2000−PAMAM-4P-capped NPs. For the both samples, there was essentially no change in size over 20 h and no formation of aggregates detected by DLS ( Figure S11 in SI). The lysine-4P sample showed similar behavior in PBS buffer ( Figure 5C ), which contains 12 mM phosphate, 2.7 mM KCl and 137 mM NaCl, whereas striking differences in behavior were found for the mPEG2000−PAMAM-4P-capped NPs. Here a shift in the peak maximum could be seen after only 2 h, with substantial peak broadening in the CONTIN plot after 4 h ( Figure S12 in SI) . After 20 h, there was a well-defined aggregate peak in the CONTIN plot centered at ∼300 nm, along with a residual peak of the size of the initial sample. The Malvern Zetasizer software calculated an R z value of 100 nm, and this is the value shown for this sample at 20 h in Figure 5C . This point should be taken as a sign of colloidal instability.
The difference in colloidal stability for the NPs capped with the two different tetradentate ligands was unexpected. This result raises questions that go beyond the small differences in the chemical structure of the ligands. For example, there are differences in the ligand exchange protocols. Ligand exchange in THF involves the fully protonated phosphate (for mPEGmonophosphate) or tetraphosphonate (for mPEG-lysine-4P). We imagine that each phosphate or phosphonate group may replace one oleate, which carries away one proton to form oleic acid. Thus, each phosphate/phosphonate group carries (on average) one negative charge, with which to form a P−O−Ln bond. In contrast, when mPEG-monophosphate is displaced from the NPs with the dendrimer tetraphosphonate PAMAM-4P, this ligand exchange involves the fully deprotonated dendrimer as its octasodium salt. These differences may affect how the phosphonate groups of the two different tetradentate ligands are bound to the particle surface. 47 Whatever differences there are in how the two tetradentate ligands bind to the NP surface, they have a prominent effect on the colloidal stability of the NPs in PBS buffer.
■ SUMMARY AND CONCLUSION
We synthesized an amine-functional PAMAM dendrimer tetraphosphonate and developed a two-stage ligand exchange protocol to attach it to the surface of NaGdF 4 and NaTbF 4 NPs both with mean diameters of ∼11 nm. Ligand exchange with mPEG750-OPO 3 H 2 in THF allowed the NPs to be dispersed in water, where they were treated with an excess of the dendrimer tetraphosphonate (8 Na + salt). The amino groups on the surface of the particles dispersed in water are available for reaction with various reagents such as PEG-NHS esters. Thus, the dendrimer has great potential as a multidentate ligand for modifying the surface of NaLnF 4 NPs in a way that further functionalization is possible with amine-reactive moieties.
While NaGdF 4 and NaTbF 4 NPs in water, stabilized by PEGmonophosphate or by the dendrimer ligand PAMAM-4P, appear to be chemically as well as colloidally stable for days or weeks, the PEG-phosphate-stabilized nanoparticles degrade when stored in the presence of excess ligand. For NaGdF 4 NPs, we observed surface etching by TEM and Gd 3+ ion loss to the aqueous medium.
Thermogravimetric analysis of one set of samples (NaGdF 4 NPs capped with oleate, mPEG750-phosphate, and mPEG2000-phosphate) indicated that the area occupied per phosphate (0.16−0.18 nm 2 /phosphate) was somewhat smaller than the area occupied per oleate (0.23 nm 2 /oleate). This result is surprising because we expected that repulsion between the PEG corona chains would play a role in determining the number of ligands per nanoparticle. We have no definitive explanation for this result. One could speculate that there were PEG-phosphate chains associated with the NPs but not attached to the surface via their phosphate groups, and that dialysis was not effective at removing them from the sample.
The main motivation for synthesizing the dendrimer tetraphosphonate PAMAM-4P was as a ligand to provide Table S4 in SI. colloidal stability for lanthanide nanoparticles in phosphatecontaining media. We are concerned about factors that can affect the short and long-term stability of lanthanide nanoparticles in phosphate-buffered media. The most surprising result in this study was the finding of differences in colloidal stability of NaTbF 4 NPs with mPEG2000−PAMAM tetraphosphonate groups at the surface compared to the same NPs with the mPEG2000-lysine tetraphosphonate groups. While both ligands provided long-term colloidal stability in 10 mM phosphate buffer at pH 7.4, the presence of salt in PBS buffer had a deleterious effect on the colloidal stability of the NPs with the PEG−PAMAM-4P. In contrast, the NPs with the PEGlysine-tetraphosphonate maintained its colloidal stability in PBS buffer.
The origin of this difference may be related to structural differences that affect placement of the phosphonate groups on the NP surface, or it may be related to differences in the ligand exchange protocol. The synthetic versatility of the dendrimer ligand is an important advantage. Studies to understand the sensitivity of NPs stabilized with the PEG dendrimer are ongoing in our laboratories.
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